Purpose: Detect tumor-related DNA using LigAmp in histologically clear margins and associate results with clinical outcome. Experimental Design: Patients with head and neck cancer were registered for molecular analysis of surgical margins. Adequacy of resection was ensured using histologic margin analysis. Further margins were then harvested and DNA extracted. TP53 mutations in tumor were determined using Affymetrix p53 GeneChip. Margins were analyzed by Ligamp in comparison with standard curves for quantification of mutant DNA. Ligation used two oligonucleotides to isolate DNA targeting the mutation. Ligated DNA was amplified using real-time PCR. The quantity of mutation in the margin was determined as percent of mutant species relative to plasmid and relative to tumor. Cutpoints were identified and defined groups were evaluated for local failure-free, cancer-specific, and overall survival. Study margins were examined for presence of tumor by light microscopy. Results: Tissue from 95 patients with common mutations was analyzed. Fifteen experienced local recurrence. Cutpoints of 0.15% for mutant species relative to plasmid and 0.5% for mutant species relative to tumor were chosen as most selective of recurrent cases. LigAmp had slightly better area under the receiver operator characteristic curve (P = 0.09) than light microscopy correctly predicting 9 of 15 recurrent tumors. There were 6 false negative cases and 26 false positive results. No statistically significant distinctions were observed in cancer-specific or overall survival in this limited cohort. Conclusions: Ligamp provides quantifiable, sensitive detection of mutant DNA in histologically normal margins. Detection of mutant species in margins may identify patients at risk of local recurrence. (Clin Cancer Res 2009;15(24):7658-65) 
Despite significant improvement in locoregional control by multimodal therapy, including surgery, radiotherapy, and chemotherapy, only a modest change has been attained in the 5year survival rates of head and neck squamous cell carcinoma (HNSCC) patients over recent decades. It is well established that during surgical treatment, clear margins represent one of the most important indicators of clinical outcome. However, even when surgical margins have been read as clear, the local recurrence rate is still 10% to 30% (1, 2) . This observation sug-gests that occult tumor cells undetected by conventional histologic evaluation may be present, surrounding resection margins, leading to treatment failure (3, 4) . The detection of occult disease in margin tissue may be predictive of local recurrence and potentially serve as an indicator for consideration of further surgery and/or adjuvant chemoradiotherapy (5) .
Various targets have been proposed as detection markers of occult HNSCC (6, 7) . Ideal candidates should have tumor specificity, should have high prevalence, and should be retained during tumor progression and metastasis. DNA molecular markers are robust due to the higher stability of DNA in tissue samples, rendering the possibility of using archived paraffinembedded materials. According to these criteria, TP53 mutations appear to be suitable markers for minimal residual disease detection in HNSCC (8) .
Numerous studies have attempted to assess the presence of cells with TP53 mutation by immunohistochemistry (IHC). However, IHC has substantial limitations as a surrogate for DNA sequence probing to detect TP53 mutations (9, 10) . Not all mutations result in the production of a stable protein amenable to staining. Missense mutations that introduce a "stop" sequence, for example, will result in no protein production. On the other hand, there are reasons other than gene mutation that may account for accumulation of p53 protein within a cell that is detected by IHC staining, such as binding to other cellular proteins (MDM2). Other problems include the use of different antibodies and unmasking techniques as well as an arbitrary threshold definition of "overexpression" in different reports.
Methods for detection of altered DNA include RFLP (11), allele-specific PCR (12) , and oligonucleotide ligation (13, 14) . Each of these assays has disadvantages, such as insufficient detection limits (0.1%, mutant/wild-type ratio of 1:1,000) and labor-intensive procedures.
Our previous work has shown a sensitive and specific approach for molecular assessment of TP53 mutations in HNSCC margins using oligomer probe binding and radionucleotide detection (15) . However, limitations of that method are the extensive time required and the need for radiolabeled probes. Recently, a PCR-based method called LigAmp (16) was described to assess single nucleotide genetic variants in the k-RAS gene and for HIV genotyping. This assay is able to detect one mutant species in the presence of 10,000 wild-type molecules (0.01%). LigAmp results are quantitative, allowing investigators to explore the threshold (percentage) of tumor species present associated with clinical outcome.
The aim of this study is to show the feasibility to detect and measure the presence of tumor-related DNA using LigAmp in histologically clear surgical resection margins and to compare results with clinical outcome, particularly local disease recurrence. The hypothesis is that submicroscopic levels of remaining malignant cells contribute to local treatment failure of HNSCC patients.
Molecular assessment of risk of recurrence may help in the identification of patients who could benefit from additional surgery or chemoradiotherapy, while avoiding inappropriate treatment of those patients for which molecular assessment indicate the adequacy of surgical treatment.
Materials and Methods
Study protocol. Between 1997 and 2002, 560 patients were accrued to a cooperative group study (Eastern Cooperative Oncology Group 4393 and Radiation Therapy Oncology Group 9614). Eligible patients were diagnosed with HNSCC and planned for surgery with curative intent. Patients were identified at over 18 participating institutions and signed informed consent approved by the cooperative groups and each institutional investigational review board. Demographic patient information was submitted to the cooperative group data centers preoperatively. On the day of surgery, samples of tumor were harvested for study purposes. Tumor extirpation proceeded following standard surgical practice. Margin tissue was submitted to the institutional surgical pathology service for intraoperative frozen section analysis to confirm the adequacy of resection. Once adequate extirpation had been confirmed in this manner, further margin samples were taken from the presumed normal tissue at the perimeter of the surgical resection site for study purposes. All specimens were shipped on dry ice by overnight courier to the Johns Hopkins Head and Neck Cancer Research Laboratory.
Tumor and margin sample collection. Tumor and margin samples were rapidly frozen at -80°C. A series of 5-μm sections were cut from the primary tumor and margin specimens for H&E staining to inspect for the presence of HNSCC or dysplasia. Additional 12-μm sections were cut and placed in 1% SDS and proteinase K at 48°C overnight followed by DNA extraction with phenol/chloroform and ethanol precipitation.
Tumor samples with at least 70% cancer cells were eligible for molecular studies. Tumors with low neoplastic cellularity (<70%) were microdissected to enrich the malignant cells. DNA was extracted from all margins samples and submitted for analysis. Margin tissue was processed in toto without microdissection. For margin processing, serial sectioning was performed, making thin section slides at the beginning, middle, and end of the cut through the sample. These slides were stained with H&E for light microscopic analysis by the study pathologist (WHW). Fifty sections of 12-μm thickness were harvested from each margin sample for DNA extraction.
TP53 exon amplification. A second generation p53 GeneChip assay (Affymetrix) was used to screen TP53 mutations in exons 2 to 11 in head and neck primary tumors (17) . The presence of mutation in primary tumor was confirmed by sequencing. For tumor and margins, each exon harboring a mutation was amplified in a single PCR. Reactions were carried out in a volume of 25 μL using 200 ng of template [2 mmol/L of each primer (Invitrogen), 5 units of Platinum Taq polymerase (Invitrogen), 1.5 mmol/L each dATP, dCTP, dGTP, dTTP, 16.6 mmol/L ammonium sulfate], 67 mmol/L Trizma, 6.7 mmol/L magnesium chloride, 10 mmol/L mercaptoethanol, and 0.1% DMSO; PCR was done using the following conditions: 95°C for 2 min, followed by 35 cycles at 95°C for 30 s, melting temperature specific for each exon for 1 min, 72°C for 90 s, and extension at 72°C for 2 min. After each gel run, PCR product was purified using a QIAquick Gel Extraction kit (Qiagen), and the concentration was determined using a Nanodrop (ND-1000 Spectrophotometer, NanoDrop Technologies, Inc.).
TP53 mutant plasmids. A subset of common TP53 mutations that occurred in more than one tumor within the population were selected for Ligamp margin analysis. Plasmids containing the TP53-mutated sequences were manufactured to provide a source of positive control DNA for mutant species quantification. Site-direct mutagenesis was done from Top Gene Technologies using pcDNA 3.1 p53 vector to obtain mutant TP53 plasmids for the following mutated codons: 157. 1T 
Translational Relevance
Clear surgical resection margins represent one of the most important prognostic indicators for patients with squamous cell carcinoma of the head and neck. However, the local recurrence rate is still 10% to 30% among patients with microscopically clear margins, suggesting that occult tumor cells may be present, surrounding resection boundaries. Better detection and subsequent removal or other treatment of occult disease in adjacent tissue may result in improved outcomes.
TP53 mutations: 175.2A, 220.2G, 232.1T, 245.1A, 248.1T, 248.2A, 273.1T, 273.2A ( Supplementary Fig. S1 ). Each plasmid was amplified for the exon containing the mutation (primer sequences are available on request). Concentration was determined using a Nanodrop (ND-1000 Spectrophotometer, NanoDrop Technologies, Inc.). Copies (1 × 10 10 ) of PCR product were serially diluted to generate standard curves. Tumor, normal, and margin samples have been analyzed in comparison with the standard curve to get an accurate quantification of mutant DNA.
TP53 LigAmp. After DNA amplification, dilutions of each PCR product were made to give 1 × 10 10 amplicon copies per 5 μL calculated from the size of the amplicon for each exon and assuming 1 bp of ddDNA is 660 pg/pmol and 1 pmol is 6.02 × 10 11 copies. According to this calculation, the LigAmp assay was done in two steps ( Supplementary Fig. S2 ). First, the Ligation Step was conducted using two different oligonucleotides (upstream and downstream) designed to specifically match the mutation (Ligation primer sequences are available on request). DNA was incubated in a final volume of 25 μL with 1 pmol of mutant oligonucleotide, 0.5 pmol of downstream oligonucleotide, and 4 units of Pfu DNA ligase in 1× Pfu ligase buffer (Stratagene). Ligation conditions were the following: 95°C for 3 min, 90 cycles at 95°C for 30 s, and 64°C for 4 min. In the presence of mutation, the two oligonucleotides are ligated to one other. Each contains a region specific to target the mutation and a tail (M13F and M13R) that permit amplification of the ligated product in a subsequent quantitative PCR (Q-PCR) reaction. To increase the specificity of the assay, a mismatch has been inserted 2 bp upstream from the mutant base. For all TP53 mutant upstream oligonucleotides, we tested all possible mismatches and then we chose the one with best performance (r 2 values ranging from 0.95-0.98). The upstream oligonucleotide also contains a region of unique foreign DNA (16rSDNA) that serves as the binding region for a probe in the Q-PCR reaction. The second step, the Q-PCR amplification, was done using the 7500 Real-time PCR System (Applied Biosystem). The ligated DNA was amplified using 5 pmol of upstream (5′-ACTGTAAAACGACGGCCAGTG-3′) and downstream M13 primers (5′-TGCAGGAAACAGCTATGACCA-3′), and 2.5 pmol of a probe (16rSDNA FAM-5′-CGTATTACCGCGGCTGCTGGCAC-3′-TAM-RA), 12.5 μL of Taqman Universal PCR Master Mix (Applied Biosystems) in a final volume of 25 μL. The M13 primers hybridize to the M13 tails and the probe hybridizes to the 16rSDNA sequence. This step is independent of the specific mutation targeted in the ligation step.
The binding of the probe requires ligation of the two oligonucleotides and subsequent polymerization of the complementary strand of DNA in the Q-PCR step. The Q-PCR probe binds to the bottom strand of the amplified DNA. Extension from the M13 forward primer allows the probe to be cleaved and the released fluorophore to be detected by 7500 SDS software. If no ligation occurs in the first step because of mispairing, there is no template for amplification in the Q-PCR step. The quantity of mutations in margins has been expressed as two ratios: the percent of mutant species in margins relative to plasmid (absolute quantity) and the percent of mutant species relative to tumor (MRT, relative quantity).
Statistical methods. Local failure events (local tumor recurrence) were documented during follow-up at treating institutions by physical examination and/or radiographic imaging confirmed with biopsy when possible. Patients who died of other causes or who are still alive were censored as of the date last known alive. Cause-specific survival (CSS) was estimated by considering death from disease to be an event and censoring patients who died of other or unknown causes, and those still alive at the date of last reported follow-up. Overall survival (OS) was counted from the date of surgery to the date of death or last date known alive. Mutations were classified as disruptive if they were nonconservative mutations located inside the key DNA-binding domain (L2-L3 region), or if they were stop codons in any region (17) .
Descriptive statistics were used to characterize patients and clinical features. Fisher's exact test (18) and the Wilcoxon rank-sum test (19) were used to compare characteristics between patients with and without positive margins and with and without local recurrence. Recursive partitioning was used to explore possible cutpoints (20) . Receiver operator characteristic (ROC) curves were used to compare the relative utility of microscopy and molecular margin status. The logrank test was used to estimate 1-y local failure-free survival (FFS), cause-specific, and OS rates (21). Gray's method was also used to examine competing causes of failure, considering local failure, regional/distant failure, and death without recurrence as the types of failure (22) .
Results
Demographic, clinical, and histopathologic features of the population. A cohort of 560 cases was enrolled in over 18 member institutions of Eastern Cooperative Oncology Group and RTOG. As shown in Fig. 1, 140 cases were eliminated for a variety of reasons [no tumor tissue available (n = 88), DNA could not be amplified (n = 36), ineligible per protocol (n = 16)]. TP53 mutation status was determined in the remaining 420 cases. Two hundred twenty-four (53.3%) had mutation of TP53 and thus were potentially available for molecular margin analysis. We selected cases for development of the LigAmp approach that had a specific missense point mutation also found in at least one other case so as to maximize the utility of each plasmid control that was manufactured ( Supplementary Fig.  S1 ). A total of 26 different TP53 mutations shared in at least 2 of 95 subjects have been analyzed and form the study cohort. Thirty-four of these cases have a disruptive mutation resulting in amino acid substitution predicted to disrupt DNA binding (17) . The remaining 61 subjects were found to have a nondisruptive (conservative) TP53 genetic alteration. Characteristics of the selected patients are shown in Table 1 . The histologic status of submitted study margin tissue (harvested after clinical margins were judged to be free of tumor) was evaluated centrally (WHW) by light microscopy. Among 95 patients, there were 10 with tumor (severe dysplasia or invasive carcinoma) visible in at least one margin sample and 85 patients for whom all margin specimens were negative. The distribution of the number of slides/samples evaluated did not differ between these two groups (P = 0.76), indicating that there was no improvement in detection by supplemental light microscopy with more margin samples available. Table 2 shows mean proportions of TP53 mutant species in the margins, analyzed both as absolute levels (mutant species relative to plasmid) and relative to tumor concentration (MRT), among patients with and without local recurrence.
Evaluation of an optimal threshold for margin analysis. We used recursive partitioning to explore possible cutpoints for distinguishing patients with and without local recurrence, using both ratios described above. A survival model was used for the partitioning, with local failure as the end point of interest. Figure 2 shows the main partitions for the two ratios. Because the MRT was the model with the best discriminant power at the first split, this was selected for further exploration. A mutation threshold of 0.5% characterized this split. A mutation threshold of 0.15% was the optimal cutpoint for mutant species relative to plasmid. Figure 3 shows the ROC curves for light microscopy of study margins and the LigAmp metric assessed at the 0.5% MRT cutpoint as predictors of local recurrence status. There is some evidence in this limited sample for the LigAmp evaluation to have greater area under the ROC curve than supplemental light microscopy (P = 0.09). Relationships among histopathologic margin status, molecular assessment, and clinical outcome. Among the 95 patients analyzed by LigAmp, 15 experienced local recurrence. Table 2 shows the distribution of the metrics, the proportion of patients above and below each LigAmp cutpoint, the proportion with and without positive margins, and the proportion with and without disruptive mutations among patients who did and did not experience local recurrence. There was no association between margin status or mutation category and local recurrence.
Nine of 15 (60%) cases with documented local recurrence had MRT above the 0.5% threshold. These are cases in which molecular margin analysis was "true positive," indicating likely disease recurrence despite clear margins as judged by standard histopathologic evaluation at the treating institution. In two of these cases, tumor was also detected by light microscopic evaluation of the study (supplemental) margins submitted for molecular evaluation. Using the same threshold criteria, 26 of 80 cases that have not shown disease recurrence were found to contain tumor cells by molecular analysis (32.5% false positive rate), and 6 cases have recurred in which LigAmp did not show molecular evidence of tumor cells (false negatives). Light microscopy evaluation of supplemental margins also found no evidence of tumor in any of these 6 cases.
Median follow-up among patients still alive is 6.7 years. Table 3 provides estimates of 2-year and 5-year local FFS, CSS, and OS by each of the predictive metrics. There was a statistically significant prolongation in local FFS for patients below the MRT cutoff compared with those above the cutoff (P = 0.02). Because the cutpoints were optimized based on the presence of local recurrence, the local FFS metrics would be expected to perform well. Although the P value provides an estimate of the relative value of each metric, it does not represent the true type I error for the test and should be interpreted with caution. No other statistically significant associations were identified. The analysis of competing causes of death and failure yielded no statistically significant differences by either light microscopy or LigAmp metrics (data not shown). It should be noted that these are exploratory analyses and statistical power is extremely limited.
Discussion
Histopathologic evaluation of surgical margins is the standard approach to assess the adequacy of surgical treatment. In light of a significant recurrence rate despite clear margins (1), several groups have investigated alternative approaches to detect occult tumor cells in surgical margins of HNSCC (14, 15) .
Typically, a limited number of samples are submitted during surgery to evaluate resection margin status, both for immediate (frozen section) evaluation and for permanent (fixed tissue) histologic evaluation. The surgeon and pathologist select how many margins will be analyzed and from what locations based on the physical features of the tumor and resection site. In most HNSCC cases, 0 to 10 frozen section specimens are submitted, and 6 to 10 fixed tissue slides evaluated. In this study, all cases had been determined to have clear margins using these standard clinical procedures before additional margins were taken for molecular analysis. The process of margin evaluation by surgical pathology is limited both by the economy of sampling (number of slides evaluated), the skill and experience of the pathologist, and the sensitivity of light microscopy.
No method to detect TP53 alterations has proven to be amenable to wide-spread clinical use. Markers of high quality for molecular detection must be specific to fully transformed cancer cells and not merely indicative of a field effect of precancerous potential. As we have already suggested, immunohistochemical analysis of p53 expression in surgical margins (6) is limited in its ability to detect the presence of minimal residual cancer cells. Furthermore, IHC, like standard histopathologic evaluation of thin sections taken from margin samples, analyzes only a small portion of the total perimeter around a tumor. So laboratory assays have been developed to explore other methods to detect the presence of tumor-specific molecular alterations (13) (14) (15) 23) indicative of occult cancer cells in surgical margins of HNSCC. Submission of the entire margin sample for DNA extraction allows for a rigorous evaluation of the entire margin volume.
The TP53 plaque assay used in our earliest study is a laborious method requiring 3 days and using radiolabeled oligonucleotides. Alternative PCR-based approaches have been described, with a similar detection limit of around 0.1% of mutant/wild-type species. However, in some of these studies, quantification of mutant cells has been done using tumor DNA to generate the standard curve, leading to an inaccurate assessment of the mutant fraction present in the margin (tumor samples are not comprised of 100% cancer cells). In this study, we sought to overcome the limitations and disadvantages of these assays. The LigAmp assay (16) has been shown to be a reliable method for detecting single nucleotide variants in can-cer. By using TP53 mutant plasmids to generate the standard curve, we were able to derive an absolute quantification of mutant DNA in tumor and margins. Accurate quantification of mutation in primary tumors allows exclusion of cases with subclinical passenger mutations.
The aim of this study was to show the usefulness of LigAmp for the evaluation of TP53 mutation in surgical margins. To that end, we selected a subset of 95 of the 224 cases with mutation to maximize the utility of effort to create plasmids for quantification control and optimize the conditions for assaying each mutation. This subset was reflective of the entire cohort and the entire mutation group in all demographic and tumor-related parameters ( Supplementary Table S2 ). Cases with TP53 mutation are more common in tumors of the oral cavity and less common in the oropharynx where human papillomavirus is an etiologic factor. Furthermore, this cohort allowed for the exploration of threshold cutpoints of clinically relevant mutant species detection, setting the stage for a full-scale evaluation of the entire cohort.
We evaluated all study margins by light microscopy to explore the relative sensitivity of molecular analysis to supplemental focused histologic evaluation. Light microscopy also served as a means of internal verification of molecular findings. Of note, the light microscopy was done by an expert pathologist who was cognizant of the goal of identifying minute clusters of suspicious cells in these samples taken after the local institutional pathologic diagnosis had already deemed margins to be clear. The molecular approach performed better than supplemental histopatological evaluation in identifying cases with subclinical positive margins. LigAmp thresholds correctly identified 60% of all cases that went on to recur locally (9 of 15), whereas light microscopy confirmed the presence of visible tumor cells in only two of these cases. Both methods failed to predict recurrence in the other six local failure cases. The rate of false positive and false negative molecular analyses was somewhat disappointing-particularly the latter, for which increased concern for recurrence and potential need for supplemental therapy would not have been predicted. There are several possible reasons that the LigAmp assay may have underestimated recurrence risk. The sample size is modest (n = 95), yet three times larger than in our pilot study. The number of events (local recurrences) is low (n = 15), perhaps due to improvement in locoregional disease control with modern adjuvant therapy, or rigorous surgical management in this prospective trial focused on adequacy of tumor extirpation. It is also possible that the sampling of margins failed to include critical deep tissue that, if positive, would have predicted some of the local recurrences. Finally, the threshold of 0.5% may be too high to include some true positive cases with tumor cells in margins.
A recent report from analysis of TP53 mutations in this cohort revealed a decrement in OS among patients whose tumor contained TP53 alterations predicted to disrupt DNA binding. Analysis of clinical end points in this subset of 95 patients failed to show any association between clinical outcome and type of p53 mutation. Use of postoperative adjuvant radiation also did not affect the rate of survival. Among those patients who did not have tumor recurrence, 46% had received postoperative radiation compared with 53% of those whose tumor recurred ( Table 2) .
Given the limited number of recurrence events and the availability of a TP53 mutation amenable to Ligamp in less than half of all cases, alternate markers must be used for the expanded evaluation of this cohort. Furthermore, LigAmp still requires several hours of laboratory work to evaluate a margin sample even when the tumor has been analyzed for mutation previously and a pertinent plasmid is on hand. Optimally, molecular evaluation of margins should be completed during the time frame of surgical resection and reconstruction to permit further resection of identified positive margins. Tumor-specific promoter hypermethylation has shown promise as a marker of rare tumor cells (24) , and results applying this approach to molecular detection in our margin cohort are forthcoming. Data from the current study provides the first accurate quantification of tumor cells in recurrent cases, and this cohort of tumors and margins for which TP53 results are known will permit comparison of results using novel markers with that of TP53 analysis.
We conclude that TP53 LigAmp analysis represents a rapid, quantitative, and reproducible method to investigate the clinical significance of detecting occult tumor cells in margins of HNSCC. Accurate prediction of recurrent cases may lead to an improvement in early detection of residual cancer and overall management of HNSCC patients.
